The effects of the glutamate N-methyl-D aspartate (NMDA) receptor antagonist, MK-801, upon ischemic brain damage has been examined in anesthe tized cats. Focal cerebral ischemia was produced by per manent occlusion of one middle cerebral artery and the animals were killed 6 h later. The amount of early isch emic damage was assessed in coronal sections at 16 pre determined stereotactic planes. Pretreatment with MK-801 (5 mg/kg, i.v.). 30 min before occlusion of the Glutamate is a major excitatory neurotransmitter in the mammalian central nervous system. The ac tions of glutamate are mediated via three pharma cologically distinct subtypes of receptor, the no menclature of which reflects the preferred agonist at each receptor subtype viz. the quisqualate-, kainate-, and N-methyl-D-aspartate-(NMDA)-pre ferring receptor (Greenamyre et aL, 1985) . Gluta mate has recently been implicated in the patho physiology of cerebral ischemia (Meldrum 1985; Rothman and Olney, 1986). Glutamate itself is neu rotoxic when injected into cerebral tissue (Rothman and Olney, 1986). Cerebral ischemia is associated with a massive increase in extracellular glutamate concentrations (Benveniste et aL, 1984; Hagberg et aL, 1985) . Destruction of glutamatergic afferent pathways or intracerebral administration of NMDA receptor antagonists can reduce the early ischemic damage to the hippocampus in cerebral ischemia and the neuronal necrosis which is observed sev eral days after a period of cerebral ischemia or se-
middle cerebral artery significantly reduced the volume of ischemic damage (from 32.7 ± 4.0% of the cerebral hemisphere in vehicle-treated cats to 16.2 ± 4.5% in MK-801-treated cats). NMDA receptor antagonists that penetrate the blood-brain barrier. such as MK-801. merit further study as protective agents against ischemic brain damage. Key Words: Glutamate-Cerebrovascular dis ease-Cerebral ischemia-NMDA antagonists.
vere hypoglycemia (Simon et aL, 1984; Wieloch, 1985; Wieloch et aL, 1985; Pulsinelli, 1985) . How ever, the poor penetration through the blood-brain barrier of the NMDA antagonists hitherto available (Chapman et aL, 1983) has hindered more detailed pharmacological exploration of the role glutamate plays in cerebral ischemia and has restricted inves tigations almost exclusively to rodents. A number of agents that are selective NMDA receptor antago nists and that cross the blood-brain barrier have re cently been identified (Wong et al., 1986; Davies et al., 1986) . In the present study, the effects of pre treatment with one such NMDA antagonist, MK-80 1 (Wong et al., 1986) upon the amount of early ischemic damage after middle cerebral artery occlusion have been examined in anesthetized cats.
METHODS
The investigations were carried out in 18 cats of both sexes weighing between 2 and 3.8 kg. The cats were anes thetized initially with thiopentone (25 mg/kg i. v.J. intu bated, and connected to a positive pressure ventilator de livering nitrous oxide and oxygen in an open circuit. Polyethylene catheters were inserted into one femoral vein and artery for the administration of drugs and the continuous monitoring of arterial blood pressure, respec tively. Anesthesia was maintained throughout the course of the investigation with chloralose (60 mg/kg i.v., sup-plemented as necessary to prevent the return of the cor neal reflex). Throughout the experimental period, the an imals were maintained normotensive (mean arterial blood pressure (MABP) greater than 80 mm Hg); normocapnic (PaC02 close to 32 mm Hg) by adjusting the stroke volume of the respirator. Metabolic acidosis was cor rected by administration of sodium bicarbonate (8.4%). Samples of arterial blood were taken frequently for the determination of respiratory status using a direct reading electrode system and for the measurement of plasma glu cose levels (automated assay based on the glucose oxi dase reaction). The cats were maintained normothermic (rectal temperature 37°C) by means of a heating blanket with feedback control via a rectal thermometer.
The left middle cerebral artery (MCA) was occluded via a transorbital approach by a trained neurosurgeon. The head of the cat was placed in a stereotactic frame. With microsurgical techniques, the left orbit was exen terated and the optic foramen and optical fissure were enlarged with a dental drill to expose the dura mater overlying the MCA close to its origin. Under the oper ating microscope the dura was incised and the MCA ex posed. The trunk of the MCA and all visible branches of the lenticulostriate arteries were coagulated with a bi polar diathermy and divided with microscissors.
MK-801 (5 mg/kg) dissolved in saline (10 m!) was ad ministered as a slow (5 min) i. v. injection 30 min before the occlusion of the MCA. Six hours after the occlusion of the middle cerebral artery, the cat was killed by trans cardiac perfusion fixation with (40% formaldehyde, gla cial acetic acid, and methanol (PAM) in a ratio of I: I :8) as described previously (Brown and Brierley, 1968) . Briefly, the cat was placed in a supine position and hepa rinized. A thoracotomy was performed and a cannula was introduced into the ascending aorta via the left ventricle. Physiological saline was infused for 10 seconds at a pres sure equivalent to mean arterial pressure. This was fol lowed immediately by 1.5 L of PAM fixative at the same pressure. After perfusion, the cats were decapitated and the head was stored in fixative at 4°C for at least 12 h; the brain was then removed. After marking the left-hand side of the forebrain with Indian ink, the hindbrain was de tached by a cut through the midbrain and the cerebral hemispheres were cut into five equally spaced coronal blocks. These blocks were embedded in paraffin wax and sections 7-8 ,... .. m thick were cut at 200 ,... .. m intervals throughout the specimens (about 140 sections from each forebrain). The sections were stained by hemalum and eosin and by a method combining cresyl violet and Luxol fast blue. Those sections that corresponded most closely to 16 stereotactically predetermined coronal planes of cat brain from the atlas of Reinoso-Suarez (1961) were exam ined by conventional light microscopy by one of us (DIG) without prior knowledge of the animal's history. Any ab normalities were charted on the diagrams drawn to scale and formed the basis of quantitative assessment of isch emic brain damage in a manner analogous to that pre viously described in detail for the rat (Osborne et al., 1987) .
The area of ischemic necrosis in the cerebral hemi sphere, cerebral cortex, and caudate nucleus was deter mined from the diagrams at each of the 16 coronal planes, using a comuter-based image analysis system (Cambridge Instruments Quantimet 720). The volumes of ischemic necrosis were calculated from the areas of damage at the different coronal planes and their anterior-posterior coor dinates.
Statistical analysis
Data are presented as mean ± SEM. Statistical com parison between the two treatment groups was performed with Student's t test and, where appropriate, with Bon ferroni corrections. No animals were excluded from the study for any reason. In four animals, minor technical difficulties were encountered (fixation was suboptimal in two cats; one cat had a small intracerebral hematoma at postmortem; one cat was killed at 5 h after MCA occlu sion due to difficulty in maintaining cardiovascular sta bility). Data from all these animals were included in this study. The inclusion or exclusion of these animals has no impact on the conclusions of this investigation. Data are presented as mean ± SEM (n = 9 in each group). Physiolog ical variables were assessed at time of middle cerebral artery occlusion. They did not deviate significantly from these values during the postocclu sion period. a p < 0.01.
RESULTS
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Neuropathological examination
All brains, with the exception of two, were judged to be well-perfusion fixed as evidenced by good neuronal morphology, the absence of intra vascular blood, and the lack of cytological artifacts such as "dark cells" or "hydropic cells" (Cam mermeyer, 196 1; Brown and Brierley, 1968) 
Volumetric assessment of the ischemic damage
The prior administration of MK-80 1 (5 mg/kg) significantly reduced (p < 0.0 1) the volume of isch emic damage in the cerebral hemisphere (reduced by 50% compared to untreated cats) and cortex (re duced by 57%) which resulted from occlusion of the MCA ( Table I ).
In the cerebral hemisphere and cerebral cortex (Fig. 1) , MK-801 significantly reduced the area of ischemic damage in every coronal plane studied.
The magnitude of the reduction in the ischemic area with MK-80 1 was similar in the core of MCA terri tory (stereotactic plane, anterior 12 mm) and at the extremities of MeA territory. Pretreatment with MK-80 1 did not significantly modify the area of is chemic damage in the caudate nucleus or in any co ronal plane studied (Fig. 2) . (Wong et aI. , 1986) . Unlike AP7 and CPP (Davies et aI. , 1986) , MK-80 1 is not a competi tive antagonist of the NMDA receptor, acting at the transmitter recognition site; MK-80 1 exerts its an tagonist effects putatively via a site related to the ion channel (Wong et aI. , 1986: Foster and Wong, 1987) . The onset of NMDA receptor blockade with MK-80 1 is more rapid in the presence of glutamate (Wong et aI. , 1986) . These two effects may be rele (Simon et aI. , 1984) . However, intrastriatal and in trahippocampal injections of AP7 and other com petitive NMDA antagonists failed to modify the amount of ischemic brain damage in these two re gions after "4 vessel occlusion" in the rat (Plum et aI. , 1986) . The systemic administration of the non specific glutamate antagonist kynurenic acid (Perkins and Stone, 1982) reduced the amount of histological damage in a survival MCA occlusion model in the rat (Simon et aI. , 1986) . There are pre liminary reports that both MK-80 1 and CPP protect against ischemia-induced hippocampal degenera tion in the gerbil, even when administered 24 h after the induction of cerebral ischemia (Foster et aI. , 1987 : Gerhardt et aI. , 1986 . However, both MK-80 1 and CPP are potent antiepileptic drugs (Clineschmidt et aI. , 1982a; Davies et aI. , 1986) and gerbils are particularly prone to postischemic sei zures (Berry et aI., 1975; Loskota and Lomax, 1975; Levy et aI. , 1975) The delayed neuronal death of hippocampal neurones, which is not observed until 3 days after the ischemic event in the rat four-vessel occlusion model (Pulsinelli and Brierley, 1979; Pulsinelli et aI. , 1982) or in gerbils with carotid occlusion (Kirino, 1982) , has not been considered a feature of human cerebral ischemia (Brierley and Graham, 1984) . Although recent evidence, consistent with delayed neuronal death in the hippocampus of man, has been described (Petito, 1986) , the early irre versible ischemic cell changes (the histological end point in the present study) are those most consis tent with ischemic neuropathology in man.
A number of investigators have estimated the volume of infarction in cats after MeA occlusion alone (Tamura et aI. , 1979; MacKenzie et aI. , 1984) or combined with carotid occlusion (Bose et aI. , 1984 (Bose et aI. , , 1985 and to what extent the lesion can be modified by pharmacological intervention. The average size of the early ischemic lesions in the present study is in general accord with published data on size of the infarction; however, the vari ability of the lesion size is consistently smaller in the present report. The efficacy of MK-80 1 in pre venting ischemic changes in cats (cortical damage reduced by 57%) stands favorable comparison with any agent studied with this model (Tamura et aI., 1979; Bose et al, 1984 Bose et al, , 1985 MacKenzie et aI. , 1984) . MK-80 1 was equally effective in protecting cerebral tissue in the core as at the periphery of MCA territory (see Fig. I ) in contrast to other agents with which a greater degree of protection is noted at the periphery of MCA occlusion putatively as a result of improved collateral blood flow (MacKenzie et aI. , 1984; Gotoh et aI. , 1986 ). 
